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Dyspnea is a prevalent and threatening cardinal symptom in many diseases including
asthma. Whether patients suffering from dyspnea show habituation or sensitization
toward repeated experiences of dyspnea is relevant for both quality of life and treatment
success. Understanding the mechanisms, including the underlying brain activation
patterns, that determine the dynamics of dyspnea perception seems crucial for the
improvement of treatment and rehabilitation. Toward this aim, we investigated the
interplay between short-term changes of dyspnea perception and changes of related
brain activation. Healthy individuals underwent repeated blocks of resistive load induced
dyspnea with parallel acquisition of functional magnetic resonance imaging data. Late
vs. early ratings on dyspnea intensity and unpleasantness were correlated with late vs.
early brain activation for both, dyspnea anticipation and dyspnea perception. Individual
trait and state anxiety were determined using questionnaire data. Our results indicate
an involvement of the orbitofrontal cortex (OFC), midbrain/periaqueductal gray (PAG)
and anterior insular cortex in habituation/sensitization toward dyspnea. Changes in the
anterior insular cortex were particularly linked to changes in dyspnea unpleasantness.
Changes of both dyspnea intensity and unpleasantness were positively correlated
with state and trait anxiety. Our findings are in line with the suggested relationship
between the anterior insular cortex and dyspnea unpleasantness. They further support
the notion that habituation/sensitization toward dyspnea is influenced by anxiety. Our
study extends the known role of the midbrain/PAG in anti-nociception to an additional
involvement in habituation/sensitization toward dyspnea and suggests an interplay with
the OFC.
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Introduction
The experience of dyspnea (breathlessness) is the cardinal symptom in prevalent diseases such
as asthma and chronic obstructive pulmonary disease (COPD). It is also common in other
pathologies including cardiovascular and neuromuscular diseases, and panic and anxiety disorders
(Parshall et al., 2012; Laviolette et al., 2014). Notably, the perception of dyspnea is not linearly
related to objective lung function or sensory input. Instead, dyspnea perception has been shown
to be modulated by several psychological factors, including attention, expectation, learning,
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categorization and comparison processes, emotional predis-
positions, and current mood (e.g., Janssens et al., 2009; Lansing
et al., 2009; Herigstad et al., 2011; Petersen et al., 2011, 2014).
Via their influence on dyspnea perception these factors also have
a strong impact on coping strategies, disease management and
disease progression (Hayen et al., 2013).
Furthermore repeated exposure to dyspnea can result in either
increasing (sensitization) or decreasing (habituation) dyspnea
perception (Bloch-Salisbury et al., 1996; Carrieri-Kohlman et al.,
2001; Wan et al., 2008, 2009; von Leupoldt et al., 2011a; Hayen
et al., 2015). Habituation toward dyspnea seems favorable in
conditions such as COPD and panic disorder. In both conditions
the experience of dyspnea might result in unfavorable avoidance
behavior and habituation toward dyspnea might reduce this
behavior. In COPD, in particular, avoidance of physical activity
is one potential mechanism that accelerates disease progression
as reduced physical fitness leads to unfavorable systemic
consequences and has a negative effect on dyspnea severity
ending in a spiral of decline (e.g., Troosters et al., 2013). In
asthma patients, however, habituation to dyspnea might result in
delayed treatment and critical under-medication (von Leupoldt
et al., 2009, 2011a,b). Here, sensitization toward dyspnea seems
more favorable as far as it might improve self-management by
supporting the early initiation of actions during the onset of
asthma exacerbations and by heightening the compliance with
prescriptions.
Both habituation and sensitization toward dyspnea have
been shown to interact with psychological factors such as
negative affect. When healthy individuals repeatedly underwent
hypercapnic rebreathing, more anxious individuals showed less
habituation (Li et al., 2006). This reduction in habituation
was more pronounced for the affective dimension of dyspnea
(=unpleasantness) as compared to the sensory dimension of
dyspnea (=intensity) (Wan et al., 2012).
Understanding the interplay of affective traits and -states with
habituation vs. sensitization toward dyspnea seems crucial for the
improvement of disease management and rehabilitation in those
suffering from dyspnea. In this regard, a better knowledge of
the underlying neural mechanisms appears important. However,
the neural mechanisms involved in habituation vs. sensitization
toward dyspnea have rarely been investigated (von Leupoldt
et al., 2011a). In a previous study we observed reduced dyspnea
unpleasantness ratings in patients with asthma to be related
to reduced activations in the insular cortex and increased
activations as well as gray matter volume in the anti-nociceptive
periaqueductal gray (PAG) when compared with healthy controls
(von Leupoldt et al., 2009, 2011b). These neural patterns were
partly correlated with disease duration. Although these findings
were interpreted as habituation toward dyspnea over time,
the study did not directly examine habituation to repeated
experiences of dyspnea.
In the present study, we repeatedly induced dyspnea in a
set of healthy volunteers with parallel acquisition of functional
magnetic resonance imaging (fMRI) data. We hypothesized
that habituation/sensitization toward dyspnea unpleasantness
as compared to dyspnea intensity would be correlated with
activation in brain structures thought to be involved in the
processing of dyspnea unpleasantness, in particular the insular
cortex and the amygdala (von Leupoldt et al., 2008, 2009;
Paulus et al., 2012). The amygdala has also been demonstrated
to be involved in sensitization toward repetitive pain exposure
(Stankewitz et al., 2013). Additional candidate areas were
derived from the anti-nociceptive network involving the anterior
cingulate cortex (ACC), and the midbrain/PAG (e.g., Petrovic
et al., 2002; Bingel et al., 2007). A study investigating habituation
toward aversive visceral stimulation demonstrated changes in the
connectivity between rACC, and amygdala over repeated painful
stimulation (Labus et al., 2009). A more recent study using
repeated presentations of similar stimuli showed either increases
or decreases of brain activation in the insular and cingulate cortex
and the amygdala (Lowén et al., 2015).
We furthermore expected to see habituation/sensitization-
related brain activation already during the anticipation of
dyspnea. Although the anticipation of dyspnea has rarely been
studied, one study on the anticipation of hyperventilation (Holtz
et al., 2012) suggests an involvement of the orbitofrontal cortex
(OFC) and the dorsomedial prefrontal cortex (dmPFC) along
with insula and ACC. These areas also showed expectancy
effects in placebo-studies on the anticipation/perception of pain
(e.g., Hsieh et al., 1999) and were, therefore, of particular
interest. Finally, we expected an interplay between anxiety-
related personality traits and states with the dynamics of dyspnea
ratings over late vs. early trials.
Materials and Methods
Participants
We re-analyzed data from 46 healthy individuals from a previous
study (to be published elsewhere) with a specific focus on
habituation/sensitization toward dyspnea. Normal lung function
of participants (mean age 28.5 years, 18 females) was confirmed
by standard spirometry (Miller et al., 2005). All participants
negated any history of neurological, psychiatric, or respiratory
disease. None of the subjects showed any anatomical anomaly of
the throat. The average body-mass index was 23.4 (range 19.4–
28.7). Trait- and state-anxiety were assessed using the State-Trait-
Anxiety Inventory (STAI-T, STAI-S), Version X (Spielberger
et al., 1983). Questionnaire data were analyzed after completion
of the study. Written informed consent was obtained prior to
the study. The study protocol was approved by the local medical
ethics committee.
Induction of Dyspnea and Measurement of
Respiratory Parameters
Volunteers breathed through a tightly fitted face mask that was
connected to a breathing circuit. Dyspnea was induced by the
introduction of MRI-compatible resistive loads to the inspiratory
end of the breathing circuit. In a pre-test before entering the
scanner, subjects were placed in a supine position and presented
with loads of increasing magnitude. We explained dyspnea to
our participants as a sensation of difficult and uncomfortable
breathing. Then, each load was presented for 24 s and dyspnea
intensity subsequently rated on a Borg-scale (0= “not noticeable”
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to 10 = “maximally imaginable”). Load magnitude was increased
until subjects reliably reported a sensation of “severe” dyspnea
(Borg Score > 5). The respective load was then used to induce
severe dyspnea during scanning (mean/SD = 2.23/1.18 kPa/l/s).
For the baseline condition of mild dyspnea the smallest resistive
load that was reliably rated higher than unloaded breathing was
used (mean/SD = 0.25/0.18 kPa/l/s).
The breathing circuit provided ports for continuous
recordings of end-tidal CO2 pressure (PETCO2) and inspiratory
mouth pressure (PI). Ports were connected with an MRI
compatible pneumotachograph (ZAN 600 unit, ZANMessgeräte
GmbH, Oberhulba, Germany). A Y-valve with open expiratory
port prevented re-breathing of CO2 while a 2.6 m tube attached
to the inspiratory port allowed for the easy introduction and
removal of resistive loads in the scanner environment. PETCO2,
PI, tidal volume (VT), breathing frequency (f), minute ventilation
(VE), and inspiratory time (TI) were continuously measured
with the ZAN unit.
fMRI Data Acquisition
Imaging was performed on a 3-Tesla TRIO-Magnetom Scanner
(Siemens, Medical Solutions, Erlangen, Germany) using a
standard 32-channel head-coil. For each data volume we
acquired 48 continuous axial-slices in descending order with
2 mm × 2 mm in-plane resolution, 2 mm slice thickness
and a 1 mm gap using T2∗-weighted echoplanar imaging
(TR = 2870 ms, TE = 25 ms, flip angle = 80◦, field of
view= 208mm× 208mm). The first five volumeswere discarded
to allow for T1-saturation. Following the experiment we also
acquired a high-resolution T1-weighted structural brain scan
using a standard MP-RAGE sequence (1 mm × 1 mm × 1 mm
spatial resolution, 240 slices). It took subjects 13–18 min to
complete the paradigm, depending on the time subjects required
to complete the ratings. Consequently, the number of volumes
acquired varied between 275 and 374.
Experimental Protocol
Before starting the experiment in the scanner, subjects learned
the association of visual cues and experimental conditions
(see below) using standardized computer based instructions
and practiced navigation through the Borg-scales on dyspnea
intensity and unpleasantness. The subjects then entered the
scanner with the face mask tightly fitted. A mirror attached to the
head coil allowed the subjects to see the cues and scales that were
projected into the bore. Before image acquisition started, subjects
were allowed to familiarize with the scanner environment and
the MRI-compatible button-box response-system. A test-run
ensured the full visibility of all cues and scales and the tight fitting
of the mask.
During the experiment, 10 blocks of mildly loaded breathing
(“baseline”) alternatedwith 10 blocks of severely loaded breathing
(“dyspnea”) using the individually pre-selected loads. Each block
was visually cued for 6 s by a thin cross (red indicating baseline,
green indicating dyspnea). After 6 s the thin cross changed
into a solid cross and the load was introduced for 24 s. Each
block of loaded breathing was followed by ratings on two Borg-
scales, presented in random order: one for the unpleasantness of
dyspnea and one for the intensity of dyspnea as perceived during
the preceding block.
All experimental events were presented and logged using
Presentation software (Neurobehavioral Systems, Inc., Albany,
CA, USA). The ZAN-system, collecting the respiratory data,
received triggers for the beginning of each experimental event.
Data Analysis
Ratings for dyspnea intensity and dyspnea unpleasantness were
averaged across the five early and across the five late blocks
of dyspnea, respectively. The development of the ratings over
time was expressed as delta () by subtracting the average
across early ratings from the average across late ratings. Thus,
a positive  indicated increasing ratings over time, interpreted
as “sensitization” while a negative  indicated decreased ratings,
interpreted as “habituation.”  intensity and  unpleasantness
were tested for correlations with questionnaire data. These
statistical analyzes were calculated using SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA).
Preprocessing and statistical analysis of fMRI data were
carried out using SPM8 software1. Data were unwarped and
realigned to the first image using six affine spatial transformation
parameters, then normalized to the SPM standard template and
finally smoothed using a 12 mm× 12 mm× 12 mm full-width at
half-maximum Gaussian filter. Data were further filtered with a
temporal highpass cut-off of 128 s. Statistical analysis on the first
level was carried out within the framework of a general linear
model using separate regressors for cue baseline, baseline, cue
dyspnea, dyspnea, and ratings. The mean BOLD signal intensity
of each volume and PETCO2 time logged to the beginning of
each scan were included as covariates-of-no-interest. On the
first level, we contrasted severe late dyspnea (blocks 6–10) with
severe early dyspnea (blocks 1–5) and late cue dyspnea conditions
with the early cue dyspnea conditions using the respective mild
conditions as baseline. The second level analysis correlated the
beta-values of the two contrast images obtained on the first level
[( cue dyspnea vs. cue baseline) and ( dyspnea vs. baseline)]
with  intensity and  unpleasantness using separate models.
All models included individual  breathing frequency and 
inspiratory mouth pressure (averaged across cue dyspnea vs. cue
baseline and dyspnea vs. baseline conditions, respectively) as
covariates-of-no-interest as these breathing parameters showed
slight, but statistically significant changes over time (see Results).
Correlations throughout the brain were accepted as
significant if exceeding a family-wise-error (FWE) corrected
threshold of p < 0.05. Given our a priori hypotheses for
habituation/sensitization-related correlations during dyspnea
anticipation und perception we conducted further region-of
interest (ROI) analyses. Masks for the insula, the amygdala, the
ACC, OFC, and dmPFC were generated from the automated
anatomical labeling (AAL) template described by Tzourio-
Mazoyer et al. (2002). A midbrain ROI centered on PAG was
defined using a 10 mm sphere around the average coordinates
for PAG activation reported by Linnman et al. (2012). Activation
within these ROIs was considered significant, if exceeding as
1www.fil.ion.ucl.ac.uk/spm
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threshold of p < 0.05, corrected for multiple comparisons within
each ROI.
An additional ROI covering the visual cortex was included as
control area. Changes in brain activation within this area were
not expected to show any significant correlation with changes
in dyspnea intensity and unpleasantness ratings over time. For
this ROI we employed a more liberal threshold of p < 0.001
uncorrected.
Results
Ratings
In 30.5% of all subjects we observed decreasing ratings over
time indicating habituation for both dyspnea intensity and
dyspnea unpleasantness. In 54.5% we observed increasing ratings
with regard to dyspnea intensity, while 63% showed increasing
dyspnea unpleasantness ratings indicating sensitization. In the
remainder of subjects (seven and three subjects, respectively)
 intensity and  unpleasantness equaled zero (Table 1).
The  for dyspnea intensity ranged from −1.3 to +3 while
 unpleasantness ranged from −1.7 to +3 (Figure 1, see
Supplementary Figure S1 for absolute ratings).
Personality Traits
Both, state and trait anxiety as measured using the STAI-T and
STAI-S questionnaires, showed a significant positive correlation
with  unpleasantness (both r = 0.46, p = 0.001) and 
TABLE 1 | Portion of subjects (%) showing sensitization, habituation, and
no changes for  intensity and  unpleasantness.
Sensitization No change Habituation
 intensity 25 (54.5%) 7 (15%) 14 (30.5%)
 unpleasantness 29 (63%) 3 (6.5%) 14 (30.5%)
FIGURE 1 | Early (mean of block 1–5) and late (mean of block 6–10)
ratings on dyspnea intensity (A) and unpleasantness (B). The figure
shows the change from early ratings (mean set to zero) to late ratings. Red
lines thus indicate increases of ratings over time (“sensitization”) while green
lines indicate decreases (“habituation”).
intensity (r = 0.36 and 0.32, respectively, p = 0.007 and 0.017,
respectively). As higher scores indicate higher anxiety levels,
a positive correlation indicates that individuals with higher
anxiety were more likely to show sensitization while subjects with
low anxiety were more likely to show habituation (Figure 2).
When early and late ratings instead of difference scores were
correlated with anxiety scores, only late dyspnea intensity and
unpleasantness ratings showed a significant relation with anxiety
(Supplementary Figure S2).
Respiratory Parameters
The changes of respiratory parameters between dyspnea and
baseline blocks were comparable for late vs. early blocks with
the exception of PETCO2, f, and PI (Table 2). The relation
between PETCO2 during dyspnea as compared to baseline showed
a slight but significant increase over time, while PI decreased
slightly over time during dyspnea as compared to baseline. The
difference of f between cue dyspnea and cue baseline decreased
from early to late blocks. While fluctuations in PETCO2 were
accounted for on the first level analysis, fluctuations of PI and f
were included into the second level analysis as covariates-of-no-
interest (see Materials and Methods).
fMRI
There were no significant differences of either dyspnea
anticipation or dyspnea perception between the first (blocks
1–5) and second (blocks 6–10) half of the experiment. The
FIGURE 2 | Trait anxiety as measured by the State-Trait-Anxiety
Inventory (STAI-T) correlates significantly with both  intensity
(r = 0.36, p = 0.007) and  unpleasantness (r = 0.46, p = 0.001) of
dyspnea ratings (mean late−mean early).
TABLE 2 | Mean (SD)  of breathing parameters between early and late
experimental blocks ( cue dyspnea vs. cue baseline and  dyspnea vs.
baseline averaged across subjects).
Mean (SD) cue dyspnea vs.
cue baseline
Mean (SD) dyspnea vs.
baseline
 PETCO2 (mmHG) 0.08 (1.34) 0.27 (0.56)∗
 VT (L) 0.004 (0.18) 0.03 (0.16)
 VE (L/min) −0.03 (1.57) 0.09 (1.32)
 TI (s) 0.08 (0.46) 0.1 (0.29)
 f (breaths/min) −0.88 (1.71)∗ −0.31 (0.9)
 PI (mbar) −0.07 (0.38) −0.81 (1.76)∗
∗p < 0.05 for one-sample t-tests, corrected for multiple comparisons.
PETCO2, end-tidal CO2 pressure; VT, tidal volume; VE, minute ventilation; TI,
inspiratory time; f, breathing frequency; PI, peak inspiratory mouth pressure.
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whole-brain analysis based on a FWE-corrected p < 0.05 showed
no significant correlations of  intensity or  unpleasantness
during dyspnea anticipation ( cue dyspnea vs. cue baseline)
or dyspnea perception ( dyspnea vs. baseline). The visual
cortex as a control area showed no significant correlations with
either  intensity or  unpleasantness during either dyspnea
anticipation or dyspnea perception at a liberal threshold of
p uncorr < 0.001.
For dyspnea anticipation, the ROI-based analysis showed a
significant negative correlation of  intensity with the  of
brain activation ( cue dyspnea vs. cue baseline) within the
right OFC, extending into the ACC (Figure 3A, Supplementary
Figure S3A). This indicated that sensitization toward dyspnea
intensity was associated with decreased OFC activation, while
habituation was associated with increasing OFC activation. For
 unpleasantness a significant negative correlation was found
within the midbrain/PAG (Figure 3B, Supplementary Figure
S3B) while positive correlations were found for the anterior
insular cortex bilaterally (Figure 3C, Supplementary Figures
S3C–E). Sensitization toward dyspnea unpleasantness was, thus,
associated with decreasing activation in the midbrain/PAG
and increasing activation in the anterior insula. Conversely,
habituation was associated with increasing midbrain/PAG
activation and decreasing anterior insula activation.
For dyspnea perception ( dyspnea vs. baseline), we
found a significant negative correlation within the right
OFC for both  intensity and  unpleasantness, which
extended into the ACC (Figures 4A,B, Supplementary Figures
S3F,G). Thus, as during dyspnea anticipation, increasing
OFC activation was associated with habituation, while
decreasing OFC activation was associated with sensitization
toward dyspnea, for both, intensity and unpleasantness. The
 of brain activation ( dyspnea vs. baseline) within the
right anterior insular cortex showed a significant positive
correlation with  unpleasantness (Figure 4C, Supplementary
Figure S3H), indicating that increasing activation of the
anterior insular cortex during dyspnea perception was
associated with sensitization and decreasing activation with
habituation. Coordinates, Z-, r-, and p-values are summarized in
Table 3.
FIGURE 3 | Localization of correlations between  intensity (A) and 
unpleasantness (B,C) ratings and changes in fMRI activation over time
for dyspnea anticipation [(cue dyspnea late−cue baseline late)−(cue
dyspnea early−cue baseline early)]. (A) and (B) show negative
correlations, while (C) shows positive correlations. Correlations displayed at p
uncorr < 0.005 are superimposed on a representative single subjects
T1-weighted MR image. Color-bars indicate T-values. OFC, orbitofrontal
cortex; PAG, periaqueductal gray; R, right.
FIGURE 4 | Localization of correlations between  intensity (A) and 
unpleasantness (B,C) ratings and changes in fMRI activation over time
for dyspnea perception [(dyspnea late−baseline late)−(dyspnea
early−baseline early)]. (A) and (B) show negative correlations, while (C)
shows positive correlations. Correlations displayed at p uncorr < 0.005 are
superimposed on a representative single subjects T1-weighted MR image.
Color-bars indicate T-values. OFC, orbitofrontal cortex; R, right.
To investigate whether brain activation changes were rather
related to general anxiety than changes in dyspnea intensity
or unpleasantness perception, we included individual STAI-
T scores as additional covariate-of -no-interest in a post hoc
analysis, correlating extracted beta-values from the brain areas
reported in Table 3 with  intensity and  unpleasantness,
respectively, (Supplementary Table S1). Correlations within all
areas maintained significant in this analysis. When STAI-T
scores were directly correlated with the extracted beta-values,
mainly cue-related beta-values showed significant correlations
with general anxiety. These correlations were attenuated
or disappeared when changes in breathing parameters and
dyspnea ratings were added as control variables (Supplementary
Table S2).
Discussion
In this study we investigated the development of perceived
dyspnea intensity and unpleasantness over repeated blocks of
dyspnea together with parallel changes of brain activation.
We observed significant correlations of late vs. early dyspnea
ratings ( intensity and  unpleasantness) with late vs.
early brain activity during dyspnea anticipation and dyspnea
perception. These correlations were restricted to a subset of
our ROIs, namely the OFC, midbrain/PAG, and the anterior
insular cortex. A control area covering the visual cortex failed
to show any significant rating-related changes indicating the
specificity of our findings. While brain activity changes in the
OFC and the midbrain/PAG were negatively correlated with
 intensity and/or  unpleasantness, respectively, the anterior
insular cortex showed positive correlations. Correlations were
furthermore specific to the dimension of perceived dyspnea:
Only  unpleasantness ratings showed significant positive
correlations with the anterior insular cortex, and a negative
correlation with the midbrain/PAG. While negative correlations
of brain activation changes in the midbrain/PAG with 
unpleasantness were limited to the anticipation period, the
significant correlations of the OFC and the anterior insula
were observed for both, dyspnea anticipation and dyspnea
perception.
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TABLE 3 | MNI-space coordinates, Z-, r-, and small-volume corrected p-values for peak voxels within areas showing a significant correlation with 
intensity and  unpleasantness (partial correlations controlled for changes in breathing parameters PI and f).
x y z Z r p∗
Dyspnea anticipation ( cue dyspnea vs. cue baseline)
with  intensity OFC R 12 42 −20 3.47 −0.5 0.04
with  unpleasantness Midbrain/PAG 2 −20 −8 3.10 −0.45 0.04
Insula R 26 32 4 3.40 0.49 0.05
Insula L −34 22 14 3.87 0.55 0.01
−36 34 8 3.47 0.5 0.04
Dyspnea Perception ( dyspnea vs. baseline)
with  intensity OFC R 14 56 −14 3.34 −0.47 0.05
with  unpleasantness OFC R 16 30 −20 3.32 −0.46 0.05
Insula R 26 30 12 4.01 0.57 0.01
∗Corrected for multiple comparisons in respective ROI.
MNI, Montreal Neurological Institute; OFC, orbitofrontal cortex; PAG, periaqueductal gray; R, right, L, left.
Both,  intensity and  unpleasantness, were significantly
correlated with state and trait anxiety levels. This is in line
with the notion that high anxious as compared to low anxious
individuals are less likely to show short-term habituation toward
dyspnea, which has previously been shown for hypercapnic
rebreathing (Li et al., 2006). In addition, data from Wan et al.
(2008, 2012) suggest that the effect of anxiety on short-term
habituation is more pronounced for dyspnea unpleasantness
as compared to dyspnea intensity. This is partly supported by
our data, as correlations for state and trait anxiety with 
unpleasantness were more pronounced (r = 0.46) compared
to correlations with  intensity (0.32 and 0.36, respectively).
Moreover, while the portion of individuals showing habituation
toward dyspnea was identical for the two dimensions of dyspnea
perception, the portion of subjects showing sensitization was
higher for dyspnea unpleasantness (63%) as compared to dyspnea
intensity (54.5%).
The close relationship of  intensity and  unpleasantness
with anxiety raises the question, whether any correlation of
changes in brain activity might be better explained by individual
anxiety scores rather than rating dynamics. However, post
hoc partial correlation analyses yielded no support for this
notion.
The functional neuroimaging data presented here mirror the
higher impact of trial repetition on dyspnea unpleasantness as
compared to dyspnea intensity. While significant correlations of
 intensity with changes in brain activation were limited to the
OFC, unpleasantness was significantly correlated with changes
in the midbrain/PAG and the bilateral anterior insular cortex
as well. This observation of short-term habituation/sensitization
in healthy individuals parallels results from a previous study in
patients with asthma, which linked long-term habituation toward
dyspnea unpleasantness with similar brain areas (von Leupoldt
et al., 2009). More specifically, that study observed reduced insula
activation and increased PAG activation to resistive load induced
dyspnea in asthma patients compared to healthy controls, which
were paralleled by reduced dyspnea unpleasantness ratings in the
patient group and correlated with asthma duration (von Leupoldt
et al., 2009). Interestingly, longer asthma duration and reduced
dyspnea unpleasantness in the same patients were also correlated
with structural brain changes in terms of increased gray matter
volume in the PAG, which was interpreted as another potential
mechanism of long-term habituation to dyspnea (von Leupoldt
et al., 2011b).
The PAG, in particular, is thought to be a key area of the so
called anti-nociceptive network as repeatedly shown by studies
on pain modulation (e.g., Fairhurst et al., 2007; for review
see Tracey and Mantyh, 2007). Interestingly, midbrain/PAG
activation during pain anticipation has been demonstrated
to have a significant effect on subsequent pain perception
(Brodersen et al., 2012). This is in line with our results,
showing a significant correlation of  unpleasantness with
midbrain/PAG activation changes for dyspnea anticipation only.
For the OFC, there was a significant effect on pain perception
for both, brain activation during pain anticipation and during
painful simulation (Brodersen et al., 2012). This is also in line
with the data presented here, as a significant correlation of
changes in dyspnea ratings with changes in brain activation was
found during anticipation and perception of dyspnea. Increasing
activation in both areas, midbrain/PAG and OFC, were related
to decreasing ratings of dyspnea unpleasantness indicating
that increased activation in these areas support habituation.
Further studies are required to investigate whether habituation
is effectuated, e.g., by top–down (OFC) and/or bottom–up
(midbrain/PAG) inhibition of other brain areas relevant for
dyspnea perception (von Leupoldt and Dahme, 2005; Davenport
and Vovk, 2009; Evans, 2010). However, one candidate target
area for inhibition is the insular cortex, as this area showed
the reversed correlation pattern: increasing activation in the
insular cortex was related to increasing ratings of dyspnea
unpleasantness. A similar pattern of insular and midbrain/PAG
activation was described for the anticipation of pain by Ploner
et al. (2010).
Changes of anterior insular activation over time were
significantly linked to changes in dyspnea unpleasantness only.
Therefore, the present findings support the notion, that activation
of the anterior insular cortex is particularly relevant for the
perception of the affective dimension of aversive events in general
(Seeley et al., 2007) and dyspnea unpleasantness in particular
(von Leupoldt et al., 2008; Paulus et al., 2012).
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The positive correlations of changes in dyspnea ratings
with brain activation changes during the preceding anticipation
periods suggest an effect of expectancy and/or learning. As
our results are limited to short-term habituation/sensitization
in healthy individuals, future studies on long-term habituation
and sensitization in patients with chronic dyspnea are required
to investigate whether this association between anticipatory
brain activations and subsequent dyspnea experience provides
a potential target to correct for unfavorable learning of
either avoidance behavior (maladaptive sensitization) or under-
medication (maladaptive habituation).
In this study we present a novel approach for the investigation
of habituation and sensitization toward dyspnea by using the
correlation between late vs. early ratings on perceived dyspnea
and late vs. early brain activation patterns. This approach
allowed the inclusion of all participants irrespective of individual
rating patterns as the variance across subjects allowed to
differentiate between habituation and sensitization processes.
However, correlation studies are limited in their ability to
derive causal or directional conclusions. The investigation of
connectivity patterns between the brain areas identified as critical
in this study and by others might be a useful next step to
clarify the way in which relevant areas interact and modulate
each other. The connection between state and trait anxiety and
habituation/sensitization toward dyspnea suggested by others (Li
et al., 2006; Wan et al., 2008, 2012) and confirmed by this study
provides another promising target for future studies on treatment
and rehabilitation optimization.
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 Supplementary Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1. Individual early (mean of block 1-5) and late (mean of block 6-10) 
ratings on dyspnea intensity (A) and unpleasantness (B). Increases in ratings are highlighted in red 
while unchanged and decreased ratings are highlighted in green.  
  
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 2 Correlations of trait anxiety as measured by the STAI-T with early 
(averaged across blocks 1-5) and late (averaged across blocks 6-10) intensity and unpleasantness 
ratings. Trait anxiety shows no significant correlation with early intensity (A) or unpleasantness (C) 
ratings (r = 0.02, p = 0.45 and r = 0.03, p = 0.43, respectively). However, during the second half of 
the experiment, both intensity (B) and unpleasantness (D) ratings are significantly correlated with 
trait anxiety (r = 0.28, p = 0.03 and r = 0.31, p = 0.02, respectively).     
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 3. Significant bivariate correlations of late (block 6-10) vs early (blocks 1-
5) intensity and unpleasantness ratings with late vs early brain activations during either dyspnea 
anticipation (A-E) or dyspnea perception (F-H). 
 (A) Significant negative correlation of Δ intensity with changes in anticipatory brain activation [Δ  
cue dyspnea vs. cue baseline] within the right orbitofrontal cortex (x = 12, y = 42, z = -20, r = -0.51, 
p < 0.001). (B) Significant negative correlation of Δ unpleasantness with changes in anticipatory 
brain activation [Δ  cue dyspnea vs. cue baseline] within the midbrain/PAG (x = 2, y = -20, z = -8, r 
= -0.46, p = 0.001).  (C) Significant positive correlation of Δ unpleasantness with changes in 
anticipatory brain activation [Δ  cue dyspnea vs. cue baseline] within the right anterior insular 
cortex (x = 26, y = 32, z = 4, r = 0.52, p < 0.001).  (D) Significant positive correlation of Δ 
unpleasantness with changes in anticipatory brain activation [Δ  cue dyspnea vs. cue baseline] 
within the left insular cortex (x = -34, y = 22, z = 14, r = 0.58, p < 0.001).  (E) Significant positive 
correlation of Δ unpleasantnes with changes in anticipatory brain activation [Δ  cue dyspnea vs. cue 
baseline] within the left anterior insular cortex (x = -36, y = 34, z = 8, r = 0.47, p = 0.001).  (F) 
Significant negative correlation of Δ intensity with changes in dyspnea related brain activation [Δ 
dyspnea vs. baseline] within the right orbitofrontal cortex (x = 14, y = 56, z = -14, r = -0.44, p = 
0.001).  (G) Significant negative correlation of Δ unpleasantness with changes in anticipatory brain 
activation [Δ  dyspnea vs. baseline] within the right orbitofrontal cortex (x = 16, y = 30, z = -20, r = 
-0.43, p = 0.002).  (H) Significant positive correlation of Δ unpleasantness with changes in 
anticipatory brain activation [Δ  dyspnea vs. baseline] within the right anterior insular cortex (x = 
26, y = 30, z = 12, r = 0.58, p < 0.001).    
 Supplementary Tables 
 
Supplementary Table 1. When the correlations between changes in brain activation from early 
(blocks 1-5) to late blocks ( block 6-10) with changes in dyspnea intensity and unpleasantness 
ratings previously only controlled for changes in breathing parameters (PI  and f) are additionally 
controlled for trait-anxiety (as measured using the STAI-T), correlations tend to be reduced 
(compare Table 3) but remain significant.  
 
Dyspnea Anticipation 
[∆ cue dyspnea vs. cue baseline] 
 r  p 
   with ∆ intensity  OFC R -0.42 0.003 
   with ∆ unpleasantness Midbrain/PAG -0.33 0.016 
 Insula R 0.32 0.018 
 Insula L 0.49 <0.001 
  0.45 0.001 
Dyspnea Perception 
[∆ dyspnea vs. baseline] 
   
   with ∆ intensity  OFC R -0.48 0.001 
   with ∆ unpleasantness OFC R -0.43 0.002 
 Insula R 0.59 <0.001 
 
 Supplementary Table 2. Correlation-coefficients (r) and p-values for correlations of anxiety-scores 
(as measured by STAI-T) with the beta-values extracted from areas showing significant correlations 
of brain activation changes with either ∆ intensity or ∆ unpleasantness. Significant correlations with 
anxiety are mainly observed for the extracted betas from the cue-period.  
 
Areas showing significant 
correlations during cue-period 
 r* p r partial** p 
OFC R  -0.38 0.005 -0.25 0.052 
Midbrain/PAG  -0.38 0.005 -0.21 0.09 
Insula R  0.45 0.001 0.36 0.008 
Insula L  0.27 0.036 0.041 0.4 
  0.27 0.036 0.01 0.47 
Areas showing significant 
correlations during dyspnea-period 
     
OFC R  -0.017 0.46 0.1 0.27 
OFC R  0.17 0.13 -0.01 0.47 
Insula R  0.14 0.18 -0.18 0.12 
*Bivariate correlation-analysis without correction for those variables that were included in the 
partial correlation analysis carried out in SPM (∆ intensity/∆ unpleasantness, PI  and f). 
**With ∆ intensity/∆ unpleasantness as applicable and breathing-parameters PI  and f as covariates-
of-no-interest. 
